We have used two molecular markers to label blood vessel endothelial cells and their precursors in the early avian embryo. One marker, called Quekl , is the avian homologue of the mammalian VEGF receptor flk-1 and the other is the MBl/QHl monoclonal antibody. Quekl is expressed in a subset of mesodermal cells from the gastrulation stage. Quekl positive cells later form blood vessel endothelial cells and express the MBUQHl antigen which is specific for endothelial and hemopoietic cells of the quail species. These two markers allowed us first to show that the cephalic paraxial mesoderm has angiogenic potentials which are much more extended than its trunk counterpart (the somites). Secondly, the origin of the endothelial cells lining the craniofacial and head blood vessels was mapped on the 3-somite stage cephalic mesoderm via the quail-chick chimera technique, in which well defined mesodermal territories are exchanged between stage-matched embryos of both species in a strictly isotopic manner, We found that the anterior region of the cephalic paraxial mesoderm is largely recruited to provide the forebrain and the upper face with their vasculature. This means that large volumes of tissues are vascularized by a discrete region of the cephalic mesoderm, the fate of which is otherwise to give rise to muscles. The widespread expansion of the angiogenic cells arising from the anterior paraxial mesoderm must be related to the high growth rate of the anterior region of the neural primordium, yielding the telencephalon and of the neural crest-derived facial structures which are themselves devoid of angiogenic potencies. In contrast, in the more posterior mesodermal territories, the angiogenic cells vascularize the corresponding levels of the brain, the tissues (bones and muscles) that they otherwise produce, as well as the neural crest derivatives of the hypobranchial region. Mixing of angioblasts of host and donor is essentially restricted to the marginal zones of the territory so defined, showing that endothelial cells of each mesodermal region vascularize tissues according to a restricted and well defined pattern.
Introduction
One of the very important derivatives of the mesoderma1 germ layer is the endothelium lining the blood vessels and heart cavities. Endothelial cells are, with hemopoietic cells, the first lineage to become segregated from the mesoderm. It arises in a widespread manner from precursors that emerge from the still undifferentiated, and generally uncommitted, other mesodermal cells.
Due to its precocious and dispersed origin, the developmental characteristics of the endothelial lineage have not been fully documented.
Particularly, the following questions have not received clear answers. Does the whole mesodermal germ layer possess angiogenic potentials? What is the origin and what are the developmental features of the blood vessels irrigating various organs of the body devoid of angiogenic potentials? Such is the case, for example, of the nervous system, which is derived from the ectodermal germ layer from which no angiogenic cells arise.
We present here a systematic study of the development of blood vessels in the vertebrate head, a structure which has a particularly complex origin and in which a large part of the mesenchyme is derived from the ectoderm via the neural crest.
The avian embryo has been a widely used model for developmental studies on angiogenesis (see, for example, Feeney and Watterson, 1946 true when the quail-chick chimera system was developed and when antibodies of the anti-MB1 type (Peault et al., 1983) became available. The MB1 and related antibodies recognize an antigenic determinant common to the endothelial and white blood cells of the quail at the exclusion of any cell type of the chick. Following the production of the monoclonal antibody (Mab) and the characterization of the MB1 antigen (Labastie et al., 1986; Peault, 1987) , other Mabs with similar specificities such as the QHlMab (Pardanaud et al., 1987) and polyclonal reagents (Noden, 1987 (Noden, , 1989 have been produced.
Staining of early quail embryos with the MBl/QHlMab revealed that endothelial cells are present in the avian cephalic mesoderm from the second day of the incubation period (E2), prior to the onset of heart beating and the appearance of major blood vessels (Pardanaud et al., 1987; Poole and Coffin, 1988; Coffin and Poole, 1988) , thus supporting the assumption that the cephalic mesoderm is actually endowed with angiogenic capacities, This notion was confirmed by Noden (1991) , who carried out isotopic substitution by their quail counterpart of the chick 'paraxial mesoderm from the level of the midbrain (approximately somitomere 3) through that of somite 5 and of lateral mesoderm from the middle third of this region (at 3-to 7-somite stages)' (Noden, 1991, pp. 868-870) . He could show in this work that the endothelial cells of the outflow tract endocardium originate from this territory and that their precursors are particularly concentrated at the level of the otic placode. In other experiments, different mesodermal regions (including somites) were implanted into the posterior hindbrain paraxial mesoderm according to a poorly defined experimental protocol. This led Noden to claim that angioblastic cells have a strikingly large dispersion potential since after a graft into this site they can be found in certain cases throughout the head structures (Noden, 1989 and references therein) .
We have been interested for several years in the development of head structures and in the respective contribution of the neural crest and of the mesoderm in the formation of the skull, muscle, dermis and connective tissues (Couly et al., 1992 (Couly et al., , 1993 . We found that most of the skull is derived from the neural crest except for parts of the orbitosphenoid, posterior corpus sphenoidalis, supra occipital and otic capsules, which are of cephalic mesodermal origin, and for the occipital bone (corpus and exo-occipital), which is of somitic origin (Couly et al., 1993) . The neural crest also gives rise to the head dermis (except in the occipital region), to the meninges of the prosencephalon and to most of the connective tissues associated with the ocular, masticatory and subcutaneous muscles. The myocytes of these muscles are derived from the prechordal and paraxial cephalic mesoderm (Couly et al., 1992) .
The fate mapping work that yielded these results also confirmed that the cephalic mesoderm contains angiogenie precursors. We were then interested to see whether the substitution method used in our previous work (Couly et al., 1992) , in which quail and chick territories are exchanged within a strictly defined spatial and temporal pattern would confirm the highly, apparently unpatterned, invasive behaviour of angioblastic cells previously described by Noden.
We thus performed isotopic grafts of defined mesodermal areas taken from 3-somite quail embryos into stage-matched chick hosts. Vascularization of the head structures by graft-derived endothelial cells was monitored with the MBl/QHl Mabs. As shown before (Ptault et al., 1983 (Ptault et al., , 1988 Pardanaud et al., 1987; Coffin and Poole, 1988; Wilms et al., 1991; DeRuiter et al., 1993) , the MB l/QHl Mab identifies embryonic endothelial cells just before or as they assemble to constitute the initial vascular network, a process designated as vasculogenesis (Risau et al., 1988) . The second molecular marker that we have used in this study labels endothelial precursors from the time of gastrulation, that is prior to the appearance of the MBl/QHl
Mabs. This marker is the avian VEGF receptor-like molecule Quekl which has previously been isolated in our laboratory (Eichmann et al., 1993) . We have recently cloned a full-size cDNA for the Quekl gene (Eichmann et al., submitted) . Comparison of the deduced amino-acid sequence of the clone to the human and murine VEGF receptors flt-1 and KDR/flk-1 (Shibuya et al., 1990; Terman et al., 1992; Millauer et al., 1993) shows that Quekl is 70% identical to KDR/flk-1 and 46% identical to flt-1. Quekl is therefore likely to represent the avian homologue of KDR/flk-1. Quekl is expressed in a large subpopulation of cephalic mesodermal cells at the 3-somite stage and becomes restricted to the QHl/MBl positive endothelial cells several hours later. This shows that at the stages preceeding the appearance of the first MBl/QHl positive endothelial cells, a large subpopulation of cephalic mesodermal cells belong to the angiogenie lineage.
Therefore, the use of two molecular markers for endothelial cells combined with the quail/chick transplantation technique allows us to follow the developmental history and behaviour of the mesodermal cells which vascularize the brain and head structures. The prechordal mesoderm gives rise to the myocytes of the ventral and medial ocular muscles (rectus medialis, obliquus ventralis, rectus ventralis) (Couly et al., 1992) .
In the present experimental series, 3 embryos have been examined at E9. Following the graft of quail prechordal mesoderm, only very few donor vascular endothelial cells were found in the recipient. They were regularly located in vessels belonging to the meninges of the On the left side, the experimental series A-G of cephalic mesodermal grafts are indicated, as well as the number of embryos examined in each case and the age of their sacrifice. The other columns show the location of donor-derived endothelial cells in the face (lateral and frontal view) and in the brain (lateral and frontal view) as shaded areas. It has to be noted that this representation is schematic and the boundaries approximative.
ventral diencephalon and in the periphery of the olfactory nerve (see Table 1 ). The ocular muscles derived from the prechordal mesoderm are vascularized by mesoderm from zones B and C (see below).
Substitution of cephalic mesoderm in zone B
The mesoderm of this graft has been previously shown to generate three dorsal and lateral ocular muscles (obliquus dorsalis, rectus dorsalis, rectus lateralis) as well as part of the chondrocytes of the basipost-sphenoid (Couly et al., 1992) .
In the present experimental series, one embryo has been analysed at E6 and two embryos at E9. All grafts gave rise to numerous endothelial cells located in facial, deep ophtalmic and prosencephalic blood vessels. Most endothelial cells forming the vessels in the dermis and mucosae of the naso-maxillar region, in the choroid, sclerotic, pecten, optic nerve and medial part of rectus lateralis muscle were of quail origin (Fig. 1 ). Endothelial cells surrounding the retina were of quail type.
Numerous quail endothelial cells colonize vessels of the meninges as well as of the ventral telencephalon and diencephalon.
The media of vessels in this part of the brain is of neural crest origin (Couly and Le Douarin, 1987) .
The medial part of the rectus lateralis muscle and its endothelial cells originate from zone B. Interestingly, the other two ocular muscles (obliquus dorsalis and rectus dorsalis) are vascularized by mesoderm of a more lateral zone (zone C, see below). The perichondrium of the sphenoid is vascularized by endothelial cells arising from the mesoderm of zone F (see below). A few MB 1 positive endothelial cells are found in the oculomotor muscles derived from zone A (rectus medialis and ventralis, obliquus ventralis) and around the anlage of the adenohypophysis.
Substitution of cephalic mesoderm in zone C
Replacement of the rostra1 paraxial lateral mesoderm at the same transverse level as in experiment B yields two masticatory muscles (intermandibularis ventralis and dorsalis) (Couly et al., 1992) . In this experiment, one embryo has been analysed at E9. As already observed in the case of zones A and B, these muscles are not vascularized by endothelial cells originating from the same territory, but in this case from a more caudal one (zone E, see below). Vascular endothelial cells from zone C spread in the same organs as in experiment B, but extend more widely in the entire facial area, lining the vessels of the superficial nasofrontal and maxillary structures as well as the eyes (Fig. 2) . Thus, the vessels irrigating the choroid, sclerotic and the ocular muscles obliquus dorsalis and rectus dorsalis are largely made up of quail cells following this operation. Some endothelial cells are also located in the future frontal bone.
The major vascular contribution of this mesodermal region, however, is destined to the forebrain. Most endothelial cells of the telencephalic (Fig. 2) and diencephalic vessels including their meninges are of quail origin on the side of the graft. Quail endothelial cells also colonize the pineal gland and the olfactory nerve. Interestingly, grafts of zone C of the anterolateral neural fold as defined by Couly and Le Douarin (1985, 1987 ) (corresponding to the territory located caudal to the rudiment of the pineal gland and forming the anteriormost region of the neural crest) generate the cells forming the connective wall of the blood vessels irrigating the prosencephalon-derived structures (cerebral hemispheres, diencephalon and eyes). We show here that their endothelial cells are derived from a mesodermal area corresponding to the anterior lateral paraxial mesoderm (see Couly et al., 1992) .
Substitution of mesoderm in zones B + C
In this experiment, two chimeras have been examined at E6.
As anticipated from the two previous experiments, when the graft involved the mesoderm corresponding to zones B + C together, the vascularization of the forebrain was entirely derived from the donor (Fig. 3) . In the face, endothelial cells were also donor-derived except for the most posterior region of the sclerotic and choroid. This graft furthermore provides endothelial cells to the oculomotor muscles which are derived from zone A and B and to the adenohypophysis.
As mentioned above, it also gives rise to endothelial cells of the perichondrium of the ethmoidal cartilage, of the nasal buds and of the olfactory placode and calvaria, i.e. the nasofrontal area (Fig. 3) .
Substitution of mesoderm in zone D
The mesoderm of zone D has been previously found to give rise to the basipost-sphenoid and orbito-sphenoid bones and to the meninges of the mesencephalon derived structures (Couly et al., 1992 (Couly et al., , 1993 . One embryo has been analysed at E9. This graft gave rise to numerous endothelial cells for vessels of posterior ocular structures not vascularized by zones B and C (see Table 1 ); thus the caudal regions of orbital and ophtalmic structures (caudal part of sclerotic and choroid) contain vessels of donor origin. Such is the case also for the lateroposterior calvaria, in particular for the parietal bone. The neural crest-derived dermis covering the top of the calvaria together with the forebrain and midbrain con- tained endothelial cells of graft origin. As mentioned before, endothelial cells for the calvaria itself are derived from zone C + D.
In the brain, the endothelial cells were of quail origin in the vessels of the lateral diencephalon, ventrolateral mesencephalon and rostro-medial cerebellum. It has to be noted that the media of the vessels in the diencephalon is neural crest-derived, whereas in the mesencephalon, it originates from mesoderm of zone D as do the endothelial cells (Couly et al., 1992) .
Substitution of mesoderm in zone E
The mesenchymai cells of this graft give rise to myocytes of the anterior elevator masticatory muscles (Couly et al., 1992) .
Two embryos have been analysed at E9. The graft yields quail endothelial cells which line the blood vessels irrigating the first branchial arch-derived structures including the muscles (originating from mesoderm of zone E) and the dermis (of neural crest origin). Endotbelial cells of graft origin are found in the perichondrium of quadratoarticular, Meckel's and entoglossum cartilages and in the buccal mucosa, the tongue muscles, and the floor of the mouth (Fig. 4) as well as in the masticatory muscles (intermandibularis ventralis and dorsalis) which are derived from mesoderm of zone C. MB1 positive cells colonize the otic region and the trigeminal ganglion (see Table 1 ). No donor endothelial cells are located in the brain.
Substitution of mesoderm in zone F
This graft gives rise to cartilage cells of the otic capsule, the supra-occipital and caudal part of basipostsphenoid bones and to the meninges of the metencephalon (Couly et al., 1992 (Couly et al., , 1993 .
Two embryos have been analysed at E9. The graft yields endothelial cells lining the blood vessels of the deep posterior orbital and sphenoidal region. The sphenoid bone is derived from the mesoderm of zones B, D and F (Couly et al., 1992 (Couly et al., , 1993 . In the brain, the quail endothelial cells are located bilaterally in vessels of the posterior mesencephalon, in the rostra1 half of the metencephalon and the corresponding meninges (Fig. 5) . It should be noted that bilateral donor-derived vascularization is observed only following a graft of this region and only at the level of the optic tectum. MBl/QHl positive cells on the contralateral side are, however, less numerous.
Results of experiment G
This graft gives rise to myocytes for the posterior masticatory muscles and to few cartilage cells of the otic capsule (Couly et al., 1992) . Two embryos have been analysed at E6 and two at E9. As far as the endothelial cells are concerned, this graft yields cells lining the blood vessels irrigating the second branchial arch structures and the cervical dermis together with the masticatory muscles of the first branchial arch. Some endothelial cells are located in the geniculate ganglia and the columella as well as in the perichondrium of the quadrato-articulate and orbito-sphenoid bones. Some quail endothelial cells are also located in the posteroventral part of the mesencephalon and in the lateral part of rectus lateralis muscle.
Graft of the sixfirst somites
These grafts give rise to endothelial cells for dermal vessels of the occipital and dorso-cervical region, for neck muscles, for the myelencephalon, the rostra1 medulla oblongata and their meninges. The blood vessel wall has the same somitic origin as the tissues that are derived from this mesoderm. Therefore, in this region of the paraxial mesoderm, the mesodermal structures and their vascularization have the same segmental origin.
Endothelial cell precursors
We had previously found that the avian VEGF receptor homologue Quek 1 is expressed in the mesoderm of quail embryos from the time of gastrulation and subsequently becomes restricted to the endothelial cell lineage (Eichmann et al., 1993) . To follow the early steps of the establishment of the embryonic craniofacial vascular system, we examined Quek 1 expression in the cephalic mesoderm of quail embryos between the 2-somite stage and E4. To get an approximation of the number of Quek 1 expressing cells, serial sections were hybridized to the Quek 1 probe, stained with the MBl/QHl Mab and the positive cells were counted. At high magnification, a concentration of silver grains over a particular cell is clearly visible and only cells presenting a strong signal (>20 grains) were scored as positive cells.
In a 2-somite embryo, about 50% of mesodermal cells express the Quek 1 gene, whereas no MBl/QHl immunoreactivity can be detected (Fig. 6A,B) . A notable exception is the prechordal mesoderm, where only about 10% of the cells express Quek 1 (not shown). MBl/QHl immunoreactivity is first observed at around the 5-somite stage, with some variations between embryos, in some of the Quek 1 expressing mesodermal cells which are still in a dispersed state. Until the 15somite stage, the cephalic mesoderm contains about 50% of Quek 1 positive cells which progressively acquire the MBl/QHl epitope and start assembling into vessels. The first vessels to appear correspond to the aorta and the perineural vascular plexus, which is formed around the 15somite stage (Fig.  6C,D) . At this stage, already formed blood vessels express both markers, whereas the majority of the still dispersed mesodermal cells express only Quek 1. Soon afterwards, these dispersed cells also acquire the MB l/QH 1 epitope. At later stages, between E3 and E4, endothelial cells have all assembled into blood vessels (Fig. 6E,F) .
Following the isotopic transplant of cephalic mesoderm from 3-somite quails into stage-matched chick embryos, the process of blood vessel assembly could be fol lowed in a small number of quail cells. Quail endothelial precursors could be identified shortly after the graft by their DNA-rich nucleolus and Quek 1 expression. At later stages, they can be distinguished from the host endothelial cells, which also express Quek 1, by their MBl/QHl immunoreactivity.
At the 8-somite stage, i.e 6 h after the graft, about 50% of the grafted quail mesodermal cells expressed Quekl, whereas only few dispersed Quekl-MB l/QHl double-labelled endothelial cells were detected (Fig. 7A,B) . At later stages, more and more Quekl positive cells were found to express MBl/QHl, with a timing comparable to that observed in the normal quail embryo. Following a graft of territory B, the Quek l-MBl/QHl positive endothelial cells can be seen to seed the facial mesoderm (Fig. 7C,D) .
Discussion
We show in this work that the cephalic mesoderm is endowed with considerable angiogenic potentialities. By using Quekl, a tyrosine-kinase receptor homologous to the human and murine VEGF receptors KDR and flk-1, as a marker for endothelial cell precursors, and the Mab MBl/QHl, which recognizes endothelial cells of the quail, we could follow endothelial cells from the stage when their precursors are dispersed in the mesenchyme of the embryo and labelled by Quekl until they form the endothelial cells lining the newly formed blood vessels. This strongly suggests that the Quekl expressing mesodermal cells are already committed to the endothelial differentiation pathway. Presently, our experimental data do not exclude the alternative that some of the Quek 1 positive cells might have another fate while losing expression of the gene.
Using the quail-chick transplantation method, we demonstrate that a particular mesodermal territory such as the rostra1 third of the cephalic paraxial mesoderm (zone B), the fate of which is to give rise to muscles and bones, also has definite angiogenic properties. Interestingly, differentiation of this mesoderm proceeds in successive waves. At the late neurula stage, the Quekl gene is expressed in about 50% of the mesenchymal cells. Those cells (and their progeny) can be seen from the 14-somite stage onward assembling into blood vessels. The basic network of vessels is then formed, which eventually matures by growing and sprouting as the embryo increases in size. One has therefore to consider that the other half of mesenchymal cells which, at these early stages do not express Quekl, are those cells which will later on differentiate into myocytes and bones. The first sign of myocyte differentiation is the expression of muscle-specific transcription factors which trigger the onset of expression of muscle-specific genes. In chicken and quail the first transcription factor to be expressed is the MyoD gene (Emerson et al., 1993) . We looked for the presence of MyoD in the cephalic mesoderm and found that it is not expressed before the 20-somite stage (unpublished results). Therefore, following the first wave of endothelial cell differentiation, the remaining mesodermal cells go through a second wave of differentiation yielding muscle cells and start to express the 13F4 muscle specific antigen (Rong et al., 1987) , from E4 onward. A third step characterized by the onset of cartilage differentiation in the sphenoid bones begins even later, at around E5.
It is interesting to compare the timings of vascularization of the neuroepithelium and of the muscles during cephalic development.
In fact, blood vessels start to invade the brain at the ventral side of the mesencephalon from E3 in the chick (Feeney and Watterson, 1946) and from stage 14 of Zacchei in the quail (Coltey, unpublished observations) and this process extends rapidly to the whole brain later on. It is only from E7 onward that angiogenesis of head muscles takes place.
The precocious expression of angiogenesis in the cephalic mesoderm may be related to the fact that the neuroepithelium is, from an early stage, the site of active growth by cell proliferation. One can assume that, as the neuroepithelium grows in thickness, gas exchange by simple diffusion is not sufficient to ensure appropriate oxygenation.
Then vascularization becomes a necessary requisite for its survival.
One of the aims of this study was to establish the destination of the blood vessels that are produced early in development from the precursors derived from the cephalic mesoderm.
Using the quail-chick chimera system, Noden (1991) had previously claimed that some of the angiogenic potencies in the mesoderm located from the mesencephalon down to the level of the fifth somite are destined to provide the endothelial wall of the cardiac outflow tract and to form the endocardial cushions. Furthermore, he noted a highly invasive behaviour of the grafted endothelial cells (Noden, 1989 (Noden, , 1991 .
We have studied in detail the origin of the blood vessel endothelia which vascularize the cephalic structures. As a general rule, we found that the mesoderm is regionalized in various areas devoted to provide blood vessels to specific regions of the face and the brain (see Table 1 ). The grafted angioblasts vascularize tissues closely related to their site of implantation. This can be seen in Fig. 8 where the derivatives of both neural crest (Couly and Le Douarin, 1990 ) and mesoderm of a given transverse ce phalic level are schematically represented. It is interesting to note that neural crest and mesodermal cells originating from a given transverse level finally occupy the same facial territories. In these territories, the two cell types cooperate both in myogenesis and in vasculogenesis. Thus, muscles are formed by myocytes of mesodermal origin and connective cells of neural crest origin. Similarly, the endothelium and the media of blood vessels are respectively derived from mesoderm and neural crest.
A well defined pattern of dispersion of angioblastic cells has been recently described also for the paraxial truncal mesoderm by Wilting et al. (1995) . Therefore the results of the latter authors as well as ours differ significantly from those of Noden who found a high and somehow anarchical dispersion of endothelial cells from his grafts. These differences are most likely due to different methodologies:
we performed strict isotopic, isochronic substitutions of small mesodermal territories, and our grafts covered the entire cephalic mesoderm. Noden performed mostly heterochronic and heterotopic transplants of a variety of tissues into a same site, close to the otic vesicle. Moreover, the different operations performed were not precisely detailed (quantity of grafted tissue, substitution or supplementation of tissue). TG, trigeminal ganglion.
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G. Cody et ul. I Mechanisms qf'Dev&pmenr 53 (1995) 97--112 A B+C Fig. 8 . (A) Origin in the 3-somite embryo of the mesectodermal mechenchymal cells forming the blood vessel media (triangles) and of the cephalic mesoderm yielding the corresponding endothelial cells (stippled areas). In (B) the distribution of the two cell types is represented in the skin and muscles of E9 embryos. One can see that the territories of ectodermal (via the neural crest) and mesodermal origin which arise from the same transverse level overlap except in BII and III where, in the posterior region of the head, the dermis is of mesodermal origin. Thus, in these areas endothelial cells and the media of the blood vessels are entirely of mesodermal origin. OD, Obliquus dorsalis; RD, rectus dorsalis; RL, rectus lateralis; AMM, anterior masticatory muscle; PMM, posterior masticatory muscle; IMDV. intermandibularis dorsalis and ventralis.
Comparison of the results reported here and in our previous article on the fate of the cephalic mesoderm (Couly et al., 1992) shows that the angiogenic cells extend to tissues and organs which may or may not encompass the muscles and bones that they themselves produce. Thus, the prechordal mesoderm which gives rise to three ventromedial ocular muscles is, as already pointed out by Noden (1989) , virtually devoid of angiogenic potentials. Quekl expression in the prechordal mesoderm is observed in only about 10% of mesodermal cells, significantly less than in other regions of the cephalic mesoderm. Vascularization of the muscles yielded by the prechordal plate is in fact provided by the paraxial cephalic mesoderm of zones B and C.
It should be noted that grafts of the prechordal mesoderm area, taken from quail primitive streak stage embryos and heterotopically grafted into the chick limb bud, yields endothelial cells (Wilms et al., 1991) . This underlines the importance of the stage at which the experiments are performed when the results are to be compared.
The anterior paraxial mesoderm and particularly its lateral moiety (zone C) ensures the vascularization of a very large embryonic area including the tel-and diencephalon as well as the upper face, encompassing the nasofrontal region and the eyes. Therefore, endothelial cells from this limited region of the cephalic mesoderm colonize organs of various embryonic origins. The angiogenic capacities of zones B and C are particularly abundant and, in the case where B and C areas were grafted together, large volumes of tissues were vascularized by vessels exclusively derived from the graft. However, in the experimental conditions described here, the different regions of the mesoderm that have been transplanted generally seed overlapping territories with blood vessel endothelial cells. This often results in the coexistence of host and donor endothelia in blood vessel sections, especially at the margin of the grafted regions.
As previously shown (Couly and Le Douarin, 1987) , the cerebral hemispheres arise from the lateral regions of the rostra1 neural plate. This particular region of the neural epithelium which, after neural tube closure, becomes dorsally located, is not in contact with the mesodermal germ layer since it is soon covered by mesenchymal cells of neural crest origin. We show here that this part of the brain relies for its vascularization on the mesoderm which otherwise yields the muscles of the face and masticatory apparatus together with the blood vessels irrigating the upper facial skeleton and the olfactory organ. Evolutionary biologists have noticed for long that in vertebrates, there is an opposition between the respective volumes of the face and forebrain. The necessarily limited angiogenic potencies of the rostra1 cephalic mesoderm may be one of the causes responsible for the allometric growth rates of these two different structures which compete for vascularization from a common source. According to this view, in species where the brain has genetically important growth potentialities, the facial structures would necessarily be reduced due to the limited amount of blood vessels available.
The widespread dispersion of the angiogenic cells arising from the anterior paraxial mesoderm is not found in the more posterior mesodermal territories in which the angiogenic cells basically invade the tissues that they otherwise produce (i.e. muscles and bones) in addition to the more posterior regions of the brain.
Thus, the lateral cephalic mesoderm corresponding to the level of the presumptive mesencephalon provides endothelial cells to the vessels that irrigate the first archderived structures (including dermis, perichondrium of cartilages, membrane bones, buccal mucosae, tongue and the corresponding muscles). The midbrain and corresponding meninges (which are of mesodermal origin, see Couly et al., 1993 ) contain blood vessels with endothelial cells derived from the medial cephalic mesoderm of the same level. The more caudal third of the paraxial mesoderm generates the endothelial cells of the metencephalon-derived structures and meninges as well as of the second arch-derived structures. Finally, the 6 first somites are responsible for providing angiogenic cells to the myelencephalon and medulla oblongata as well as to the skeleton, muscle and dermis of this region.
Therefore, a better although not absolute (see muscles arising from zone C, intermandibularis dorsalis and ventralis, being vascularized by angiogenic cells from zone E) congruence of the origin of muscles, bones, meninges and endothelial cells is observed in the structures corresponding to the mid-and hindbrain level as compared to the forebrain level.
In conclusion, our experimental analysis suggests that the precursors of vascular endothelial cells are committed while still dispersed in the early cephalic mesoderm, and well before they assemble to form blood vessels. The receptor for VEGF turns out to be an early marker for these cells. In fact, we have shown in a previous work that the Quekl gene is already expressed during the gastrulation process in a subpopulation of cells of the newly formed mesoderm (Eichmann et al., 1993) . This is in agreement with observations of Wilms et al. (1991) showing that endothelial cells of the early quail blastoderm are committed early and independently of normal embryonic morphogenesis.
The construction of quail-chick chimeras allows to establish the pattern of angiogenic cell origin and dispersion in the head structures. This method was previously instrumental in demonstrating that most tissues and structures of the New Head of Vertebrates as defined by Gans and Northcutt (1983) originate from the anterior part of the neurectoderm (Couly et al., 1993) and are thus devoid of angiogenic capacities. This work demonstrates that development of the brain and face has recruited a large amount of the anterior paraxial mesodermal cells for their vascularization.
Experimental procedures
Quail (Coturnix coturnix japonica) and chick eggs (White Leghorn strain) were obtained from a commercial source and incubated in a humidified atmosphere at 38°C.
Microsurgery, carried out in the egg as previously described, consisted of the in situ substitution of defined areas of the cephalic and somitic mesoderm between quail and chick embryos at the 3-6-somite stage. All the grafts of cephalic mesoderm were carried out at the 3-somite stage. The following experimental series have been performed (see Table 1 ):
Experiment A involves the replacement of the prechordal mesoderm (see Exp. 1 of Couly et al., 1992) .
Experiments B and C concern the rostra1 paraxial cephalic mesoderm which has been divided into a medial zone, i. e paraocular mesoderm (experiment B) (see Exp. 2 in Couly et al., 1992) , and a lateral zone (experiment C) (see Exp. 5 in Couly et al., 1992) . Experiments D and E concern the median paraxial mesoderm which has been divided into a medial zone, i.e paramesencephalic mesoderm (experiment D) (see Exp. 3 in Couly et al., 1992) , and a lateral zone (experiment E) (see Exp. 6 in Couly et al., 1992) . Experiments F and G concern the caudal paraxial mesoderm which has been divided into a medial zone, i.e. para-metencephalic mesoderm (Experiment F) (see Exp. 4 in Couly et al., 1992) , and a lateral zone (experiment G) (see Exp. 7 in Couly et al., 1992) .
The lst, 2nd, and 3rd right somites were grafted in situ in 3-somite stage embryos; the 4th, 5th and 6th right somites were grafted in 4, 5 and 6-somite stage embryos, respectively. One embryo was examined at E9 for each experiment.
lmmunohistochemistry with the anti-MB1 Mab
The operated embryos were usually sacrificed at E9 (E6 in some cases, see Table 1 ). Head and neck were fixed in Bouin's fluid for 24 to 36 h and embedded in paraffin, 5 pm serial sections were then prepared.
Sections were deparaffinized, rehydrated, washed in phosphate-buffered saline (PBS) and left 30 min in 3% H,O,! in PBS before immunostaining.
After rinsing in PBS, non-specific sites were blocked by normal goat serum (NGS-Nordic) l/30 in PBS + 1% bovine serum albumine (BSA), fraction V (Serva), for 30 min. MB 1 MAb was used at a l/1500 dilution of ascitic fluid in PBS + 1% BSA and applied to slides overnight at 4°C. After washing in PBS, the second antibody GAM IgM coupled to
